Determination of the transfer matrix of an automotive compressor under realistic flow conditions Waves propagating into air intake pipes of automotive engines have been widely studied and are commonly used to obtain high volumetric efficiency. Nowadays, most of modern engines have a centrifugal compressor in their intake line. If the acoustic of intakes lines for naturally aspirated engines is well known, it is not the case for lines comprising a compressor, where both the geometry and the flow effects are of primary interest. As it is quite difficult to experimentally determine the acoustical behavior of a complete line comprising a compressor, a new system has been developed for determining acoustical transfer matrixes of each separated element of the line with flow. This new method is based on the two loads method; where a derivative of the Two Measurements Three Calibrations calibration method has been introduced. The basics of the determination of transfer matrixes with flow with our method are presented, then experimental results on cylindrical tubes and parts of intake lines are discussed. Finally an example of a transfer matrix of centrifugal compressor is presented.
INTRODUCTION
In the automotive industry, acoustic waves propagating into air supply ducts have been known to influence air filling of the engine for more than seven decades [1] . An admission line accurately tuned can indeed improve air filling of the engine up to thirty percent. Since the early nineties , the effects of acoustic waves on air filling have been widely studied (see for instance [2,3,4 and 5] ) and used on naturally aspirated engines to improve efficiency. Since the last decade, almost every Diesel engines and an increasing part of the gasoline engines are turbocharged. Acoustic waves can also be used to enhance the turbo behavior. Thus they can be very useful to reach always more stringent emissions legislations and to reduce carbon dioxide emissions. Despite that fact, the knowledge of the acoustical behavior of automotive compressor is not achieved yet, especially at low frequencies. Hence the difficulties to use correctly the effect of acoustic to gain in engine efficiency. Numerous studies have been pursued recently [6,7 and 8] in order to determine the passive and active effects of the compressor, however most of them are focused on the Noise and Vibration problems , above 500Hz. These "high" frequencies hardly influence engine air filling, so it remains an important demand for studying the passive acoustic effect of the compressor at low frequencies. A method based on the two load method [9] has been developed in to determine acoustical transfer matrixes, and an experimental set-up has been manufactured to evaluate the passive acoustic effect of the compressor under realistic flow conditions. The first part of this work deals with the theoretical part of the method, which improves the two-load technique by the use of a calibration method inspired from the Two Measurement Three Calibration technique [10] . A second part presents measurements realized on some simple systems, whose theoretical transfer matrixes can be easily determined. Finally measurements realized on an automotive compressor are presented.
THEORY

Transfer Matrixes
A parameter which influences engine air filling is the impedance "seen" by the intake valves. For naturally aspirated engines, this impedance is easily determined thanks to techniques such as the two microphone methods [11, 12] which allow the measurement of the ratio pressure/velocity for the whole intake line at once. For turbocharged engines it is technically almost impossible to measure the whole line, comprising a compressor, at once. This could be done without flow; however flow effects cannot be neglected when there are mobile parts such as the compressor wheel. Hence there is a need for separate measurements of the different parts of the intake line. The measurement of transfer matrixes, which give the relations hip between pressure and velocity at the inlet and the outlet of a system,
allows such decomposition. To date, two main techniques are commonly used for measurement of acoustical transfer matrixes; namely, the Two-source-location technique [13] and the Two-Load Technique [9] . Recently, the Two-source-location technique has been improved with the development of the Three-Measurement Two-Calibration for measuring the Transfer Matrixes technique (TMTCTM) [14] . The most recent one, despite being the simplest and one of the most accurate techniques , could not be used for the measurement of the transfer matrix of a compressor since it cannot be used with flow. The Two-sourcelocation technique is said to be more accurate than the Two -Load. However, due to the harsh conditions at compressor outlet (temperature as high as 150°C, oil particulates in the flow, pressure up to 2bar), it is quite difficult to implement a reliable solution with an acoustic source placed on the high pressure side of the compressor. Recent studies [7, 8] have implemented such a solution; however they always used compressor drivers which can sustain harsh conditions but are of low precision at low frequencies. It was hence chosen to use the Two-Load technique, which allows us to use only one acoustical source, on the low pressure side. In order to improve the accuracy of this technique, a calibration technique, based on the Two Measurement Three Calibration technique has been developed.
Transfer Matrix Measurement -Two-Load Technique
FIGURE 2. Theoretical sketch of Transfer M atrix measuring device. Acoustical excitation is given by three loudspeakers. Sensors S1 to S4 give signals s1 to s4. Load Z meas is changed between the two measurements.
The definition of an acoustical Transfer Matrix (TM), as given above, leads to a system of two equations:
Yet, with four unknowns (A, B, C and D), four equations are needed; hence two independent measurements are required. One can obtain the independency of the two measurements either by switching the source from inlet to outlet (Two Source location technique) or by using two different loads Z meas (Two-load technique): one measurement with the system directly connected to an outlet system and one measurement with an automotive silencer in between, for instance.
These two measurements then give:
where subscript 1 corresponds to inlet, 2 to outlet, a to the first measurement and b to the second one.
After some algebra, the four coefficients A, B, C and D of TM are obtained as: 2  2  2  2   1  2  1  2   2  2  2  2   2  1  2  1   2  2  2  2   1  2  1  2   2  2  2  2   2  1  2  1 .
The four coefficients A, B, C and D of TM are now expressed as functions of P in , P out , U in and U out of two measurements, which can be expressed as function of the measured signals s 1 to s 4 .
Calibration
The sensors used for measuring the acoustical propagation are pressure sensors, either microphones or piezoelectric sensors. Since it only gives the pressure and not the velocity, acoustical propagation between the sensors must be determined to have access to both pressure and velocity. Acoustic propagation is generally theoretically determined in the measuring ducts. However theoretical propagation supposes a perfectly manufactured system and perfectly identical sensors. Since it is not the case in real life, the use of calibratio n takes into account these defaults and allows for a better accuracy. Assuming linear propagation, the signal s 1 to s 4 measured by the four sensors can be written as a function of the pressures P in and P out and of the velocity U in and U out :
for the first measuring duct and:
for the second one. Where c is the celerity of sound, ρ the density of air and α, β, γ, δ, ε, ξ, σ and λ are eight calibration parameters to be determined. As a consequence, only seven out of the eight parameters need to be determined. Since the set-up is identical to a two-microphone system for measuring impedance, with an extra measuring duct, its calibration principle can be identical to the Two Microphone Three Calibration [11] . Each measuring duct can be connected separately to the source (see figures 3a and 3b), resulting each time in a two-microphone system. The relationship between the measured impedance Z and the ratio As a consequence, one obtains an equation per measurement of known impedance Z. By measuring three independent impedances, Gibiat and Laloë [11] determine three out of the four parameters for a measuring duct. With the separate calibrations, we obtain six out of the seven parameters needed. In order t o obtain a seventh independent calibration, the inlets of both ducts are directly connected (see Fig.4 ), so that P in =P out and U in =U out . With this seventh calibration, seven out the eight parameters are determined and the pressures and velocities can be determined, from there the transfer matrix (The details of the calculation can be found in [15] ).
MEASUREMENTS
Experimental Set-up FIGURE 5. Experimental set-up, measurement of an expansion chamber
An experimental set-up was designed in order to measure the acoustical transfer matrix of an automotive compressor. As explained previously it was chosen to adopt a two load method to avoid placing the acoustic source on the high pressure side of the compressor. The dimensions were chosen to fit the compressor used on an automotive diesel engine with a displacement of 1500 cubic centimeters. In order to provide a good excitation signal, especially in the low frequencies area, three loudspeakers Monacor SPH 265 were fitted to the system. Four sensors were used for each measuring duct in order to respect the spacing criterion defined by Åbom and Bodén [15] 0.1π (1-M²) < ks < 0.8π (1-M²) on a range from 20Hz to 800Hz, where k is the wavenumber, s the spacing between two sensors and M the Mach number. It was chosen to use microphones for their higher sensibility in comparison to piezo sensors. Eight Sennheiser MKE-2 electret microphones were used for the measurements. This type of microphones should not be used with temperatures above 60°C. Yet the temperature on the high pressure side of the compressor can be as high as 150°C. As a consequence, for measurements on a compressor under realistic conditions, the four sensors on the high pressure side were cooled thanks to a classical cooling system for sensors .
Measurement of basics systems
In order to validate the accuracy of the set-up combined with the use of calibration, measurements of some basic systems were performed first without flow. The two systems chosen for the validation were a one meter straight duct and an expansion chamber connected to two different ducts of known dimensions. Resonant systems transfer matrixes are indeed not easy to determinate accurately and can therefore be considered as good indicators of the accuracy of the measurement. As can be seen on Fig.6 , the measured data on the 1m duct are really similar to the theory. However, if the minima and maxima are correctly located, it can be observed that the amplitudes do not perfectly match the theory.
The small difference in amplitude may be explained by a non-perfect calibration, especially the anechoic one, which is particularly difficult to obtain. Despite these very small discrepancies, the results obtained by measurement are very close to the theory on the considered range and clearly validate the measuring system. Measurements on a more complicated system were made in order to further check the accuracy of the measurements realized with our method. Figure7 presents a comparison between the transfer matrix of an expansion chamber, determined theoretically and by measurement. As for the one meter duct, there is a really good agreement between the two data. Different factors can explain the small discrepancies between theory and measurement. As previously said, it might be due to a non-perfect calibration. However it is most likely due to the difficulties to determine correctly the theoretical transfer matrix: the theoretical model has indeed been determined thanks to a very simple and crude model. This plane-wave model supposes a continuity of pressure and flow rate at each section change. The matrix of the complete system is the product of five simple one; three for the straight ducts and two for the section changes.
The transfer matrix of a straight duct can be expressed as:
where c is the celerity of sound, ρ the density of air, k the complex wavenumber (which takes into account the attenuation due to the wall effects, dependent on the radius and thermodynamic conditions ) and L the length of the duct. The transfer matrix of a section change will be: (9) where S 1 is the section of the duct before the discontinuity and S 2 the one after. Hence the transfer matrix of the complete expansion chamber can be expressed:
However, this formula supposes perfectly plane waves, which is not the case at discontinuities; as a consequence the lengths of the different ducts should be corrected. Consequently it is obvious that the calculated transfer matrix of the expansion chamber is only an approximation of the real one. The differences between calculated and measured matrixes can be exp lained, at least partially, by discrepancies between the calculated matrix and the real one.
Measurement of an automotive compressor
The development of this new method for measuring acoustical transfer matrixes with flow aims at measuring the acoustical transfer matrix of an automotive compressor under realistic conditions. A measured transfer matrix of a compressor without flow is presented in Fig.8 and the preliminary results of measurements under realistic flow conditions is presented in Fig.9 under the form of a comparison of transmission losses for a measurement without flow and one with realistic conditions (rotational speed of 125 000rpm, pressure ratio of 1.5 and flow rate of 48g.s -1 ).
FIGURE 8.
Transfer matrix measurement of an automotive comp ressor without flow, superimposed with the calculated transfer matrix of a duct of equivalent length.
The measured transfer matrix of a standing automotive compressor offers a profile quite similar to the one of a straight duct. It was hence decided to compare it with the theoretical matrix of a straight duct of length equivalent to the developed profile of the compressor. The result is quite impressive; the two profiles are really similar. Except for the very low frequencies of the fourth parameter, the only difference is in the height of the amplitude. This means that the attenuation must be different in the compressor, which is not surprising since there are more surfaces in the compressor than in a straight duct (wheel blades), hence more attenuation due to wall effects. However the resonating volumes are similar. . shows the measured transmission losses of an automotive compressor in the upstream direction (from the low pressure side to the high pressure one). The blue line represents the transmission loss for the compressor at stand. For the measurement without flow, the transmission losses are quite flat over the range 20-500Hz, they stay between 2 and 5dB. On the contrary, they vary strongly over the same range when the compressor is under realistic conditions. The operating point tested is represented by a red dot in the compressor map and its properties are detailed in the legend. It can be observed that under 100Hz the compressor acts as a very selective filter, allowing only one frequency (45Hz) to pass and highly reducing the others. Between 100Hz and 350Hz the transmission losses decrease almost linearly from15-20d B to around 5dB, they increase around 400 and 450Hz and decrease then. A new method for measuring transfer matrixes, based on the two -load method and using calibrations has been developed. It has been proved to be valid thanks to measurements of basic resonating systems. The acoustical transfer matrix of a standing automotive compressor has been determined and the transmission losses of the compressor have been compared without flow and in realistic conditions. It shows that flow affects strongly the acoustical properties of the compressor, which is quite transparent without flow but acts as a very selective filter under realistic engine conditions. A comparison of the transmission losses for different operating points will be the subject of future publications.
